Mammalian sperm must be activated in the tubal isthmus through capacitation to induce the acrosome reaction and subsequent fertilization. Although the molecular mechanisms involved in capacitation have yet to be fully elucidated, increased concentrations of reactive oxygen species (ROS) and the extent of tyrosine phosphorylation of proteins have been suggested to play central roles in the completion of capacitation. In this study, aldose reductase was for the first time identified as one of the tyrosine-phosphorylated proteins involved in the capacitation of porcine cauda epididymal sperm. Both tyrosine phosphorylation and activity of aldose reductase associated with the particulate fraction of sperm cells were significantly enhanced during capacitation. Alrestatin, a membranepermeable and specific inhibitor of aldose reductase, plays a role in the inhibition of aldose reductase activity, elevation of intracellular levels of ROS, and induction of hyperactivated motility, all at similar dose dependencies. Alrestatin canceled both the increase in the tyrosine phosphorylation of aldose reductase and the decrease in the glutathione levels in sperm-induced during capacitation. The hyperactivated motility was induced to a higher extent in the presence of glucose than in the presence of fructose. These results indicate that aldose reductase plays an important role in induction of hyperactivation and capacitation of sperm through the elevation of ROS in sperm cells. Furthermore, aldose reductase was shown to be added to sperm during transit through the epididymis, suggesting that aldose reductase is one of the key proteins that support the functional maturation of sperm.
Introduction
Mammalian sperm require time-dependent changes in the female reproductive tract to acquire the capacity to fertilize oocytes; this acquisition is termed as 'capacitation' (Yanagimachi 1994 , Fraser 2010 , Aitken & Nixon 2013 . Capacitation involves modulation of cell membrane properties and signaling cascades, which results in the hyperactivation of motility and the acquisition of capacity to undergo the acrosome reaction (Gadella & Harrison 2000 , Harrison & Gadella 2005 , Salicioni et al. 2007 . Several studies have suggested that both generation of reactive oxygen species (ROS) and tyrosine phosphorylation of proteins play essential roles in the process of capacitation (Visconti et al. 1995 , Leclerc et al. 1996 , Lewis & Aitken 2001 , O'Flaherty et al. 2006a ,b, de Lamirande & O'Flaherty 2008 .
ROS such as superoxide anion (O 2 % K ) and nitric oxide (NO % ) are produced at the initial step of capacitation and regulate the downstream events leading to hyperactivation and the acrosome reaction (de Lamirande & O'Flaherty 2008) . NO% is produced by NO synthases, which have been found in both the head and the flagellar regions of sperm (Hou et al. 2008 ). On the other hand, the source of O 2 % K production has yet to be fully elucidated, although NAD(P)H oxidase has been indicated as the enzyme responsible for its production in sperm during capacitation (Bedard & Krause 2007 , Sabeur & Ball 2007 ).
The polyol pathway contributes to diabetes-induced oxidative stress (Chung et al. 2003 , Giacco & Brownlee 2010 . In particular, aldose reductase, the first and rate-limiting enzyme of the polyol pathway, has been suggested to be the major contributor to hyperglycemia-induced oxidative stress in nerve cells (Vikramadithyan et al. 2005) . As the oviductal fluids, where sperm undergo capacitation, contain higher levels of glucose than of fructose (Larose et al. 2012) , glucose flux through the polyol pathway is likely to increase in capacitating sperm, resulting in the induction of oxidative stress. In preliminary experiments, aldose reductase in porcine sperm was found to be tyrosinephosphorylated during capacitation. This finding prompted us to analyze the effects of aldose reductase activity on capacitation. Herein, we report that tyrosine phosphorylation and activation of aldose reductase are involved in porcine sperm capacitation in vitro, which are in turn inhibited by a specific and membranepermeable aldose reductase inhibitor, alrestatin.
Materials and methods

Animals and chemicals
All animal experiments were approved by the Animal Experiment Committee of the University of Tsukuba.
Fresh porcine testes and epididymes were purchased from the local slaughter house. Alrestatin was obtained from Enzo Life Sciences (Farmingdale, NY, USA). Lysyl endopeptidase, NADPH, DTNB, glutathione (GSH) reductase, and 6-carboxy-2 0 ,7 0 -dichlorodihydrofluorescein diacetate, diacetoxymethyl ester (H 2 DCFDA) were purchased from Wako Pure Chemical Industries (Osaka, Japan). GSH was purchased from Tokyo Chemical Industry (Tokyo, Japan). Chlortetracycline (CTC), peroxidase-conjugated anti-mouse IgG antibody, peroxidaseconjugated anti-rabbit IgG, Freund's complete adjuvant, and Freund's incomplete adjuvant were obtained from SigmaAldrich. Protein A Sepharose 4 Fast Flow, ECL plus, and PreScission Protease were purchased from GE Healthcare (Chalfont St Giles, Buckinghamshire, UK). Protease Inhibitor Cocktail, Phosphatase Inhibitor Cocktail, and Chemi-Lumi One L were obtained from Nacalai Tesque (Kyoto, Japan). A sorbitol dehydrogenase (SORD) inhibitor, CP-470,711, was kindly donated by Pfizer. All other chemicals were reagent grade.
Preparation of cauda epididymal sperm and induction of capacitation
Spermatozoa were collected from the porcine cauda epididymis by air perfusion through the ductus epididymidis and washed at 20 8C with a noncapacitating medium (Non-cap medium) containing 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 95 mM NaCl, 2 mM sodium pyruvate, and 5.56 mM glucose (pH 7.4) by centrifugation at 400 g for 5 min. The sperm pellets were washed twice more with the Non-cap medium by centrifugation as mentioned above. When capacitation was induced, the Cap medium: 2 mM CaCl 2 , 0.4% BSA, and 25 mM NaHCO 3 in the Non-cap medium, was used for washing the sperm pellets. The sperm forward motility was immediately determined under the microscope by the addition of Non-cap medium containing 25 mM NaHCO 3 . Only sperm samples with over 95% of the sperm showing progressive motility were used for the experiments. Sperm capacitation was induced according to the method reported by of Tardif et al. (2001) , with slight modifications. The washed sperm were incubated either in 15 ml of Non-cap medium or in Cap medium (5!10 6 cells/ml) at 37 8C for 3 h in a 5% CO 2 atmosphere. Capacitated sperm were assessed on the basis of the changes in the pattern of the CTC fluorescence staining, according to the method of Wang et al. (1995) .
Sperm motility was observed under the microscope, and the percentages of sperm with hyperactivated motion in all of the motile sperm were calculated. Sperm suspensions of 20 ml (1!10 5 cells/ml) prepared before and after capacitation were placed on a prewarmed (37 8C) slide and analysis of sperm motility was done using a computer-assisted sperm analysis (CASA) system (HTM-CEROS; Hamilton Thorne Research, Beverly, MA, USA) (Fig. 1a) . Motion parameters such as curvilinear velocity (VCL; mm/s), straight-line velocity (VSL; mm/s), average path velocity (VAP; mm/s), linearity of the curvilinear trajectory (LIN; VSL!100/VCL), straightness (STR; VSL!100/VAP), amplitude of lateral head displacement (ALH; mm), and beat cross-frequency (Hz) were determined. For flagellar movement analyses, sperm motility was recorded by Nikon-NY-D5100 Super System (Microscope Network, Saitama, Japan) on the slide glass with 0.02 mm depth (Hamilton Thorne Research), and both the flagellar beat angle (FBA) and the flagellar curvature ratio (FCR) were determined according to the method of Schmidt & Kamp (2004) , as shown in Supplementary videos 1 and 2, see section on supplementary data given at the end of this article and Fig. 1b .
Western blotting analysis of tyrosine-phosphorylated proteins
Total sperm proteins were extracted with 1% Triton X-100 in homogenizing buffer (20 mM Tris-HCl, pH 7.4, containing 2.5% Protease Inhibitor Cocktail and 0.25% Phosphatase Inhibitor Cocktail) and separated either by SDS-PAGE or by two-dimensional gel electrophoresis (2-DE), according to a previously published method (Kawashima et al. 2009 ). The proteins were electroblotted to PVDF membranes under semidry conditions. The membranes were incubated with 100 mM NaCl, 0.1% Tween 20, 10 mM Tris-HCl (pH 7.4) (TBST) containing 3% BSA at 4 8C overnight by gentle mixing. After three washes with TBST, the membranes were treated with anti-phosphotyrosine MAB (BD Biosciences, San Jose, CA, USA) in TBST containing 1% BSA at 37 8C for 60 min. After three washes with TBST, the membranes were incubated with peroxidase-conjugated anti-mouse IgG antibody at 37 8C for 60 min and then washed three times with TBST. The signals were detected through incubation of the membranes either with ECL plus or with Chemi-Lumi One L.
For the western blotting analysis of aldose reductase, antialdose reductase antisera prepared as indicated below and a peroxidase-conjugated anti-rabbit IgG were used as the first and secondary antibodies respectively. Sperm and fluid were collected from various regions of porcine epididymis according to the method of Dacheux et al. (1989) with slight modification. In brief, the ductus epididymidis in caput, corpus, and cauda regions was microperfused with air and the perfusate was collected. Testicular fluid and sperm were obtained by collecting the liquid contained in the rete testis duct. The perfusate was centrifuged at 500 g for 5 min at 20 8C. The supernatant was centrifuged again at 9000 g for 15 min at 4 8C and the supernatant was obtained as fluid. The sperm pellet was suspended with the Non-cap medium and washed twice by centrifugation at 1000 g for 5 min at 4 8C. The resulting pellet was used for protein extraction.
Identification of tyrosine-phosphorylated proteins
The spots on the 2-DE gels corresponding to those detected by anti-phosphotyrosine MAB were analyzed by mass spectrometry, according to a previously described method (Osman et al. 2011) .
For protein identification, monoisotopic masses of digested peptides observed in the MALDI-mass spectrometry spectra were used to query NCBInr and SWISS-PROT sequence databases using the Mascot search program (Matrix Science, London, UK; http://www.matrixscience.com).
Production of antisera against aldose reductase
Aldose reductase cDNA (nucleotides 121-971, accession no. AK398724) synthesized by RT-PCR using porcine testis DNase 1-treated total RNA as a template was ligated into the multicloning site (BamHI-XhoI) of pGEX-6P-2 and transformed into Escherichia coli DH5a. Oligonucleotides, 5 0 -GTGCTCTA-CACCGGATCCAAGATGCCCATC-3 0 and 5 0 -AGGCACAGACC-CTCGAGTTCCTGTTGTAGC-3 0 , were used as primers. Denaturation was carried out at 94 8C for 30 s, annealing at 58 8C for 30 s, and synthesis at 72 8C for 2 min. The recombinant aldose reductase-GST fusion protein was bound to GSH-Sepharose 4B beads and aldose reductase was cut out from GST using PreScission Protease, according to the manufacturer's instructions. The beads were centrifuged at 1200 g for 10 min, and the supernatant fraction was obtained as purified recombinant aldose reductase, which was detected as a single band by Coomassie Brilliant Blue (CBB)-staining after 2 mg protein of the fraction had been separated on the SDS-PAGE gel and used as the antigen. Rabbit antisera against aldose reductase were prepared by s.c. injection of 200 mg of antigen with Freund's complete adjuvant, followed by five additional booster injections of 400 mg of antigen in Freund's incomplete adjuvant given at 1-week intervals.
Immunoprecipitation
Five hundred microliters of total sperm proteins (1 mg protein) extracted as described before were incubated with 10 ml of Protein A resin equilibrated with 20 mM Tris-HCl (pH 7.4) at 4 8C for 90 min and then centrifuged at 2500 g for 10 min at 4 8C. Next, 450 ml of the supernatant was incubated with 50 ml of preimmune sera or anti-aldose reductase antisera at 4 8C for 120 min. Twenty microliters of Protein A resin was added to the mixture and then incubated at 4 8C for 90 min. Protein A resin was precipitated by centrifugation at 2500 g for 10 min at 4 8C and washed three times with 0.1% Triton-X 100 in 20 mM TrisHCl (pH 7.4) by centrifugation. The precipitated immune complexes were then denatured and resolved by SDS-PAGE for further western blotting analysis.
Immunohistochemical analysis
The porcine testes were fixed in Bouin's fluid and then dehydrated and embedded in paraffin. The sections 4 mm in size were deparaffinized, soaked in 0.1 M sodium citrate buffer (pH 6.0) at 90 8C for 30 min, and washed with distilled water. The sections were successively incubated at room temperature with 3% BSA in PBS (blocking buffer) and with anti-aldose reductase antisera in the blocking buffer for 60 min each. After three washes with PBS, signals were detected using a VECTASTAIN ABC Kit according to the manufacturer's instructions (Funakoshi Corporation, Tokyo, Japan).
Determination of aldose reductase activity
Aldose reductase activity was determined according to the method of Kador et al. (1980) . In brief, 2.5!10 7 of sperm were homogenized by sonication in 5 ml of 20 mM Tris-HCl (pH 7.4) with or without 1% Triton X-100 by means of an ULTRA S homogenizer (TAITEC, Saitama, Japan) at the maximum output and centrifuged at 105 000 g for 60 min at 4 8C. The supernatant obtained in the presence of Triton X-100 was directly used to determine the aldose reductase activity ('whole sperm extract'). The supernatant obtained in the absence of Triton X-100 was finally supplemented with 1% Triton X-100 ('soluble fraction') and used for the enzyme assay. The precipitate obtained in the absence of Triton X-100 was suspended in 5 ml of 1% Triton X-100 in 20 mM Tris-HCl (pH 7.4), incubated for 60 min at 4 8C with periodic vortexing, and centrifuged at 105 000 g for 60 min at 4 8C. The resulting supernatant was collected as the 'particulate fraction'. Two hundred microliters of these supernatants were incubated with 0.15 mM NADPH and 10 mM DL-glyceraldehyde in 120 mM phosphate buffer (pH 6.2) at 20 8C for 10 min, and the absorbance at 340 nm was monitored.
Determination of ROS and GSH concentrations
The concentrations of ROS in the sperm were determined according to the method of Awda et al. (2009) with slight modifications. Fifty micromolars of H 2 DCFDA was added to the mixture at 150 min of the incubation for the induction of capacitation. The mixture was incubated for a further 30 min, and sperm were collected by centrifugation at 400 g for 5 min.
The sperm pellet was suspended in the Non-cap medium and washed twice by centrifugation as mentioned above. The fluorescence of sperm at 530 nm in response to 488 nm excitation (Carter et al. 1994) was observed under the fluorescence microscope and evaluated using a microplate reader (Varioskan; Thermo Fisher, Yokohama, Japan). The concentration of GSH in sperm was determined as described by Vandeputte et al. (1994) using a Total Glutathione Quantification Kit (Dojindo Laboratories, Kumamoto, Japan). Before and after the incubation for capacitation, the washed sperm (5.3!10 7 cells) were homogenized in 0.5 ml of 5% sulfosalicylic acid and centrifuged at 8000 g for 10 min at 4 8C. Twenty microliters of the supernatant was incubated at 20 8C for 10 min with 200 ml of 104 mM NaH 2 PO 4 , 4.6 mM EDTA (pH 7.4) containing 1 mM DTNB and 0.34 mM NADPH. Then, 40 ml of GSH reductase (1.2 IU/ml) was added to the incubation mixture, and after 10 min, the absorbance was measured at 412 nm using the Varioskan.
Statistical analyses
Data were expressed as the meansGS.E.M.s of at least three experiments. Statistical significance was calculated by twoway ANOVA. The difference between two means was determined by t-test, and differences among more than two means were determined by Tukey's test. The general linear models of Statistical Analysis System (SAS, Inc., Cary, NC, USA) were used for these analyses. Differences were considered significant at P!0.05.
Results
Evaluation of capacitation and hyperactivation
The sperm were incubated in Cap medium, and capacitation was induced, as assessed by the CTCfluorescence staining pattern of the sperm head (Wang et al. 1995 , Tardif et al. 1999 . Under the conditions of the present experiment, over 70% of the sperm represented pattern B fluorescence (fluorescence-free band in the postacrosomal region), thus proving them to be capacitated sperm (Fig. 2 ). FBA and FCR were determined as shown in Fig. 1b (878) and FCR (0.7) for those of boar sperm hyperactivated in the presence of the Ca 2C ionophore A 23187 (Schmidt & Kamp 2004) .
Identification of aldose reductase as a tyrosine phosphoprotein phosphorylated during capacitation of porcine cauda epididymal sperm
The sperm proteins were extracted by sonicating the sperm with the homogenizing buffer containing 1% Triton X-100, separated by 2-DE, and analyzed by western blotting for phosphorylation of the tyrosine residues as described in the 'Materials and methods' section. Using MALDI-TOF-MS analysis, we identified three tyrosine phosphoproteins phosphorylated during capacitation ( Fig. 3 and Table 1 ). Aldose reductase (spot 3 in Fig. 3 ) was for the first time identified as a tyrosine phosphoprotein. The identified peptide fragments covered 42% of the whole amino acid sequences of aldose reductase (Fig. 4) , and the Mascot score (118) was significant enough for the identification (Table 1) .
Antisera against aldose reductase were prepared using the purified recombinant protein as the antigen, which contained all the fragments identified by MALDI-TOF-MS analysis. The antisera recognized only the spot identified as aldose reductase by MALDI-TOF-MS analysis (Fig. 3g) . Increase in the tyrosine phosphorylation of aldose reductase during capacitation ( Fig. 3d and e) was confirmed by western blotting analysis of the immunoprecipitated aldose reductase (Fig. 3h) .
Intracellular localization of aldose reductase in the capacitated sperm
To analyze the intracellular localization of aldose reductase, the cauda epididymal sperm were homogenized with homogenizing buffer and separated into supernatant ('soluble fraction') and precipitate fractions by centrifugation at 105 000 g for 90 min at 4 8C. Proteins in the precipitate fraction were extracted with the same volume of 1% Triton X-100 in homogenizing buffer ('particulate fraction'). By the immunoprecipitation method, most of the aldose reductase was shown to be in the soluble fraction of porcine sperm (Fig. 5e1) . From the ratio of the band intensity of the particulate fraction (1435G161 pixel) to that of the soluble fraction (10 709G402 pixel), determined using the freely available ImageJ Software (http://rsbweb.nih. gov/ij/teatures.html), about 12% of aldose reductase was determined to be associated with the particulate fraction.
Only the particulate-bound aldose reductase, not the soluble one, was detected as a tyrosine phosphoprotein (Fig. 5a , b, c and d) . Furthermore, the extent of its tyrosine phosphorylation in the particulate fraction had significantly increased during capacitation. These results were also ascertained by the immunoprecipitation methods (Fig. 5e2) .
Changes in aldose reductase activity through capacitation
Concomitantly with the increase in the tyrosine phosphorylation, the aldose reductase activity in the extract of the capacitated sperm was significantly higher than that in the noncapacitated sperm (Fig. 6 ). The aldose reductase activity in the particulate fraction was also markedly higher than that in the soluble fraction. Only the particulate-bound enzyme activity was proved to be enhanced by capacitation. Taking into account the content of aldose reductase calculated by the density The spot number listed in the table is in accordance with the spot number shown in Fig. 3 .
Role of aldose reductase in sperm capacitation of its spot in the western blotting analysis (Fig. 5e1) , the approximate ratio of the specific activity of aldose reductase in the soluble fraction to that in the particulate fraction prepared from the capacitated sperm was estimated to be 1:45.
Effects of alrestatin on induction of hyperactivation and capacitation and on the levels of tyrosine phosphorylation and ROS in sperm
To reveal whether aldose reductase activity is involved in the capacitation of porcine cauda epididymal sperm, we investigated the effects of alrestatin, a membranepermeable and specific inhibitor of aldose reductase, on induction of hyperactivation and capacitation of sperm. Capacitation was markedly inhibited in the presence of 500 mM alrestatin (Fig. 2) . Interestingly, alrestatin also significantly inhibited the decrease in the concentrations of GSH in sperm during capacitation (Fig. 7) . Furthermore, the tracks of sperm movement had clearly changed from progressive movement pattern to circular, figure-of-eight, and star-spin movement patterns as a result of their incubation with Cap medium (Figs 1a  and 8a ). These changes in sperm motility were analyzed by CASA. The changes in the motion parameters induced by capacitation were the characteristic of hyperactivated sperm, i.e. increases in VCL, VSL, VAP, and ALH as well as decreases in LIN and STR (Schmidt & Kamp 2004 , Matás et al. 2010 ; Table 2 ). These changes were also inhibited by alrestatin.
Alrestatin inhibited both hyperactivation and aldose reductase activity to the same extent and at the same concentrations ( Fig. 8c and d) . The alrestatin-induced inhibition of hyperactivation was positively correlated with the aldose reductase activity (nZ6; rZ0.976; 7 of noncapacitated (a and c) or capacitated (b and d) sperm as described in 'Materials and methods' section. Then, 119 ml of each sample was applied to western blotting analyses on tyrosine phosphoproteins. The circles indicate aldose reductase. (e) The distribution of aldose reductase in soluble and particulate fraction was determined by immunoprecipitation method. Aldose reductase in 500 ml of the same protein fractions used in (a, b, c and d) was immunoprecipitated and separated on a 12.5% SDS-PAGE and western blotting analyses on aldose reductase (1) or tyrosine phosphoproteins (2) were carried out. P!0.001). The concentrations of alrestatin that induced half-maximal inhibition of hyperactivation and aldose reductase were 53 and 45 mM respectively. On the other hand, CP-470,711, a membrane-permeable and specific inhibitor of SORD (the second enzyme of the polyol pathway), did not show any significant effects on capacitation (data not shown).
The intensity of H 2 DCFDA fluorescence in sperm was enhanced during capacitation, but was largely reduced in the presence of alrestatin (Fig. 8b) . The alrestatin-induced inhibition of the ROS production also showed a significantly positive correlation with that of the aldose reductase activity (nZ6; rZ0.945; P!0.01; Fig. 8c and d) .
Taken together, these findings show that capacitation is associated with increases in both ROS production and protein tyrosine phosphorylation in sperm. Alrestatin was found to inhibit both. The overall increase in tyrosine phosphorylation was observed in the proteins extracted from the capacitated sperm. It was found that protein tyrosine phosphorylation did not increase in sperm capacitated in the presence of alrestatin, and alrestatin significantly decreased the tyrosine phosphorylation of aldose reductase (Fig. 2f) .
Effects of extracellular monosaccharides on sperm motility
Monosaccharide content in the fluid surrounding sperm changes during transit through the genital tracts from the ductus epididymidis to the oviduct (Pruneda et al. 2006) . Namely, in the epididymal fluid, fructose is the predominant monosaccharide, and its content in the seminal plasma is further increased by the secretions from the seminal vesicles at ejaculation. On the other hand, glucose is a major monosaccharide in the oviduct fluids, where sperm undergo capacitation. Porcine sperm are known to be quiescent in the cauda epididymis and to initiate forward movement at ejaculation. The extent of induction of forward motility of the cauda epididymal sperm by bicarbonate was the same in the presence of glucose as that in the presence of fructose (Fig. 9a) . Alrestatin reduced the initiation of forward motility in the presence of glucose, but not in the presence of fructose.
Hyperactivated movement of the cauda epididymal sperm was markedly induced by incubation in Cap medium containing glucose, which was almost completely inhibited by alrestatin (Fig. 9b) . The replacement of glucose with fructose decreased the number of hyperactivated sperm, which were resistant to alrestatin inhibition.
Acquisition of aldose reductase by sperm during maturation in the epididymis
Immunohistochemical analyses showed that in the seminiferous tubules, aldose reductase is localized in the Sertoli cells, but not in the germ cells (Fig. 10a) . It has been suggested that aldose reductase is incorporated into sperm from the epididymal fluid via epididymosomes while sperm pass through the epididymis (Caballero et al. 2011) . In our experiments, aldose reductase mRNA was expressed to similar extents in the testis and the caput and corpus epididymidis and to a lower extent in the cauda epididymis (Fig. 10b) . The concentrations of aldose reductase in the luminal fluids were greatly increased from the testis to the caput epididymis and diminished in the cauda epididymidis ( Fig. 10c and d) . Testicular sperm contained lower levels of aldose reductase than did caput epididymal sperm. The content of aldose reductase in sperm gradually increased during their transit through the epididymis (Fig. 10e and f) .
Discussion
This is the first report on phosphorylation of aldose reductase at a tyrosine residue. We also found that both Figure 7 Effect of alrestatin on the concentrations of GSH. The GSH levels were determined on sperm incubated either in Non-cap medium or in Cap medium in the absence or the presence of 500 mM alrestatin. The concentrations of GSH were determined as described in 'Materials and methods' section. Data are expressed as meanGS.E.M. from six determinations. *P!0.05. tyrosine phosphorylation and enzymatic activity of aldose reductase were enhanced during capacitation. In this study, most of the aldose reductase in porcine sperm was shown to be present in the soluble fraction, and the rest, about 12% of the total aldose reductase, was found in the particulate fraction. Only particulatebound fraction of aldose reductase, not in the soluble fraction, was shown to be tyrosine phosphorylated. Furthermore, tyrosine phosphorylation of aldose reductase in the particulate fraction significantly increased during capacitation. The activity of aldose reductase in the soluble fraction was found to be lower than that in the particulate fraction and unchanged throughout capacitation. On the other hand, aldose reductase activity in the particulate fraction was significantly increased through capacitation. These results suggest that the activity of aldose reductase is stimulated by its tyrosine phosphorylation. Although the significant changes in the distribution of aldose reductase between the soluble and the particulate fraction were not detected during capacitation under the present conditions, it is likely that translocation of aldose reductase from the cytosol to the particulate fraction occurs concomitantly with the increases in its tyrosine phosphorylation and enzymatic activity during capacitation. In this connection, a very interesting report showed that stimulation of protein kinase C in several cell types induces phosphorylation of aldose reductase and its mitochondrial translocation (Varma et al. 2003) . Although it has been suggested that the SRC family and receptor-activated tyrosine kinases are involved in capacitation, the enzyme that tyrosine phosphorylates aldose reductase must be identified (de Lamirande & Gagnon 2002 , O'Flaherty et al. 2005 , 2006a ,b, Baker et al. 2009 ).
Mammalian sperm first acquire the capacity for motility and fertility during transit through the epididymis, a process called 'epididymal maturation'. But the sperm must be activated at least twice more to exert those capacities. The constituents surrounding sperm are very important for attaining these activation processes (Boatman 1997 , Satake et al. 2006 . The first activation occurs at ejaculation. In porcine sperm, the concentration of extracellular bicarbonate increases from about 2 mM in the cauda epididymal fluid to over 20 mM in semen, which activates bicarbonate-sensitive, soluble adenylyl cyclase, resulting in the stimulation of O 2 consumption and in the initiation of coordinated forward movement of sperm (Tajima et al. 1987) . The concentration of bicarbonate further increases to above 30 mM in the oviduct fluids, where sperm acquire fertilizing capacity through the second activation process, namely 'capacitation' (Maas et al. 1977 , Rodríguez-Martínez et al. 2005 . In addition, although fructose is the predominant respiratory substrate for sperm in semen, it is then replaced by glucose in the oviduct fluids (Mann 1946 , Hugentobler et al. 2008 , Larose et al. 2012 . GLUT1 has been shown to play an important role in glucose transfer from the oviduct epithelium into the lumen and in the maintenance of adequate glucose concentrations in the oviduct fluid (Tadokoro et al. 1995). The concentrations of glucose in the oviduct fluid, which differ substantially among mammals, have been shown to increase during the preovulatory period of the estrous cycle (Vecchio et al. 2010) . In pigs, Nichol et al. (1992) reported that the concentrations of glucose were significantly lower in the whole oviduct (0.59 mM) than in the blood plasma (4.56 mM), but its concentration in the ampullary-isthmic junction during the preovulatory period (1.65 mM) was greater than during other periods of the estrous cycle. In boar sperm, the utilization of glucose is controlled in part by the heterogeneous localization of GLUT family transporters over the entire sperm surface (Bucci et al. 2010) . Sperm aldose reductase seems to be physiologically quiescent until sperm arrive in the cauda epididymis because the concentrations of the extracellular respiration substrates, glucose and fructose, are extremely low (Pruneda et al. 2006) . It has been reported that unactivated aldose reductase of human erythrocytes exhibits biphasic kinetics with Km of glucoseZ9.0 and 0.9 mM, whereas the activated form exhibits monophasic kinetics with Km of glucoseZ0.68 mM (Srivastava et al. 1985) , which is lower than the glucose concentration in the ampullary-isthmic junction during the preovulatory period. Therefore, aldose reductase activated through tyrosine phosphorylation is strongly suggested to function physiologically during capacitation in the oviduct. Furthermore, glucose metabolism can be activated by high concentrations of bicarbonate through activation of bicarbonate-sensitive, soluble adenylyl cyclase, resulting in increase in glyceraldehyde 3-phosphate, which is a physiologically relevant substrate with high affinity for aldose reductase (KmZ 0.66 mM; (Giacco & Brownlee 2010) ).
During capacitation, mammalian sperm change their motility pattern from progressive movement to hyperactivated one characterized by asymmetrical, highamplitude flagellar beats (Yanagimachi 1994 , Suarez & Ho 2003 . When porcine cauda epididymal sperm were incubated in Non-cap medium containing bicarbonate, the sperm initiated forward movement but did not show a hyperactivated movement. The extent of forward motility of the cauda epididymal sperm in the presence of glucose was similar to that in the presence of fructose. Alrestatin partially inhibited the forward motility only in the presence of glucose. In this connection, Cheng & González (1986) have reported that under hyperglycemic conditions, about 30% of glucose enters the polyol pathway. In this study, however, sperm incubated in Cap medium for 3 h exhibited hyperactivated motility. As capacitation was induced at 37 8C rather than 39 8C in order to maintain higher viability and motility of porcine cauda epididymal sperm during the incubation for capacitation and Ca 2C ionophore was not contained in Cap medium, it is possible that full induction of hyperactivation has not been achieved under the present condition. But swimming patterns and flagellar movements shown in Fig. 1b as well as CASA parameters in Table 2 all satisfied the properties and threshold values of the hyperactivation of porcine sperm. Alrestatin was shown to largely inhibit hyperactivated motility. When the glucose in Cap medium was replaced by fructose, the extent of hyperactivated sperm was largely reduced and not inhibited by alrestatin. These results suggest that induction of hyperactivated motility in vitro is dependent on aldose reductase activity. Although it has been proposed that capacitation and hyperactivation are regulated by different signal pathways (Marquez & Suarez 2004 ), aldose reductase is suggested to concern in both events.
It has been well accepted that under the hyperglycemic condition, the polyol pathway is activated to induce intracellular oxidative stress and that aldose reductase is the major contributor to diabetes-induced oxidative stress in the lens, kidney, and nerve (Kinoshita & Nishimura 1988) . On the other hand, aldose reductase has been reported to protect cells from high osmotic pressure to accumulate sorbitol within the cells (Burg 1995) . In the female reproductive system of the rat, aldose reductase has been suggested to function as a detoxification agent against toxic carbonyl compounds ( Kaneko et al. 2003) , but the physiological function of aldose reductase in sperm remains unclear (Kobayashi et al. 2002) .
Before capacitation, as aldose reductase activity is low, most of the cellular glucose is converted to glucose 6-phosphate, which is then processed to glycolysis. Some parts of glucose are converted to sorbitol by increased activities of aldose reductase during capacitation, consuming NADPH (Fernández-Novell et al. 2004 , Medrano et al. 2006 . We found that alrestatin inhibited the production of ROS, tyrosine phosphorylation of proteins, and induction of hyperactivation as assessed by CASA, which were all observed during the course of capacitation, at the same concentration range as that at which alrestatin induced inhibition of aldose reductase activity. We also found that alrestatin diminished the decrease in GSH in sperm as well as the induction of pattern B of CTC fluorescence staining that occurred during capacitation. These results suggest that the consumption of NADPH induced by increased aldose reductase activity decreased the activity of GSH reductase, which also requires NADPH as a cofactor, resulting in the decrease in GSH and the antioxidant capacity of sperm. Namely, this increased aldose reductase activity is one of the sources of ROS production in sperm during capacitation. Previous studies have shown that ROS at a physiological concentration induce capacitation through increasing protein tyrosine phosphorylation (de Lamirande et al. 1997 , Roy & Atreja 2008 . NADPH is mainly generated by pentose phosphate pathway and has reported to play important roles in the processes of sperm-egg fusion (Aitken et al. 1995) . Activities of glucose 6-phosphate dehydrogenase, the first enzyme of pentose phosphate pathway which functions to generate NADPH, have been reported in sperm of human (Peterson & Freund 1970) and mouse (Ferrandi et al. 1995) , but not in bull (Hammerstedt 1975) and boar (Marin et al. 2003) . Therefore, in boar sperm both malic enzyme and cytosolic NADP-dependent isocitrate dehydrogenase (isocitrate dehydrogenase 1) may be responsible to produce NADPH. It is very interesting that we also identified isocitrate dehydrogenase 1 as one of the proteins tyrosine phosphorylated during capacitation ( Fig. 2 and Table 1 ). The study on the roles of isocitrate dehydrogenase 1 in the porcine sperm capacitation is in progress now.
Recently, it has been reported that the activity of sperm SORD, the second enzyme of the polyol pathway, is also increased during capacitation (Baker et al. 2010) and that sorbitol can also serve as an energy source for sperm motility and protein tyrosine phosphorylation via SORD (Cao et al. 2009 ). However, under the present experimental conditions, the SORD inhibitor, CP-470,711, did not show any significant effects on the induction of hyperactivated motility. Although our results suggest that aldose reductase is involved in capacitation not by supplying energy sources but by producing low levels of ROS, both enzymes in the polyol pathway might not be indispensable for sperm to fertilize oocytes, because it has been reported that neither aldose reductase-nor SORD-deficient mice demonstrate any apparent reproductive abnormality (Holmes et al. 1982 , Ho et al. 2000 . These results suggest that other pathways compensate the deletion of aldose reductase by regulating physiological ROS levels of sperm in mice.
A previous study suggested that epididymosomes support in sperm acquisition of motile and fertile capacities by the addition of epididymal proteins to maturating sperm (Caballero et al. 2011) . Aldose reductase as well as SORD has been reported to be one of the constituents of epididymosomes (Frenette et al. 2004 , Sullivan et al. 2005 . Consistent with these previous findings, in this study, the levels of aldose reductase in the fluids of the caput and corpus epididymidis were shown to be extremely higher than in those of the testis. And testicular sperm were found to contain very low aldose reductase and to acquire it during passage through the epididymis. In this connection, an interesting report showed that the expression of aldose reductase in the oviduct is restricted to the isthmus, where sperm accomplish capacitation (Larose et al. 2012) . Furthermore, other studies reported that the oviduct releases granules into the lumen, although the presence of aldose reductase in the granules remains to be proven (Nayak & Ellington 1977 , Eriksen et al. 1994 . These results suggest that acquisition of aldose reductase by sperm is involved in the posttesticular functional maturation of sperm. In other words, aldose reductase may be one of the important factors that confer fertilizing capacity on sperm during their functional maturation.
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